Presently, the modal pushover analysis procedure is extended to multidimensional analysis of structures subjected to multidimensional earthquake excitations. an improved multidimensional modal pushover analysis (IMMPA) method is presented in the paper in order to estimate the response demands of structures subjected to bidirectional earthquake excitations, in which the unidirectional earthquake excitation applied on equivalent SDOF system is replaced by the direct superposition of two components earthquake excitations, and independent analysis in each direction is not required and the application of simplified superposition formulas is avoided. The strength reduction factor spectra based on superposition of earthquake excitations are discussed and compared with the traditional strength reduction factor spectra. The step-by-step procedure is proposed to estimate seismic demands of structures. Two examples are implemented to verify the accuracy of the method, and the results of the examples show that (1) the IMMPA method can be used to estimate the responses of structure subjected to bidirectional earthquake excitations.
Introduction
In recent years, a challenge for performance based seismic design is to establish an effective and feasible procedure to evaluate structural seismic capacities. The pushover analysis procedure, due to its simplicity and efficiency, is increasingly applied to estimate seismic demands of structures. During past years, the theory and application of pushover analysis procedure have been developed adequately [1] [2] [3] [4] [5] [6] [7] , and the technique is accepted by more guideline documents or codes such as FEMA-440 and Vision 2000.
A problem for pushover analysis is that the higher mode effects of building structures cannot be considered in the procedure [8] . In order to solve this, Chopra and Goel [9] [10] [11] propose a modal pushover analysis (MPA) procedure to deal with higher mode effects, in which the seismic demand of individual terms of the modal expansion is determined by pushover analysis using the inertia force distribution for each mode, and the modal demands are then combined by the SRSS rule to obtain the total seismic demand. On the basis of this, some improved approach is presented [12] [13] [14] [15] [16] . Another problem is that the pushover procedure is restricted with an assumption of single-mode response in which the deformation distributions along the height of structures are fixed. For solving the problem, adaptive pushover methods [17] [18] [19] [20] [21] [22] [23] are presented which aim to capture the changes that occur in the vibration properties of structures.
The previous studies about pushover analysis are almost based on symmetric building structures and singledirectional earthquake excitation. Both theoretical studies and seismic disasters indicate that asymmetric-plan structures with irregular distributions of mass or stiffness are likely to undergo torsional responses coupled with the translational vibrations, and this type of structures is likely to suffer more severe displacement demands at the corner elements under earthquake excitations. In addition,
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The Scientific World Journal the torsion coupling response will induce the structural space effects that cannot be solved in two-dimensional analysis. So, several research efforts have been made to extend and apply the pushover analysis to asymmetric-plan structures whose inelastic seismic responses are intricate [24] [25] [26] . At present, the MPA [27] [28] [29] [30] [31] is extended to the asymmetric-plan structures in which the inertia force distribution for each mode includes two lateral forces and torque at each floor level, and the CQC rule is used to combine the modal demands to obtain the total demand of asymmetric-plan structures.
For multidimensional MPA, which is applicable to the analysis of asymmetric-plan structures, the modal equivalent single-degree-of-freedom (ESDOF) system is actually subjected to the superposition of bidirectional earthquake excitations. In the current MPA procedures, the response of ESDOF system is calculated according to single-directional earthquake excitation, the -and -axes, respectively, and peak response of two directions is combined through SRSS rule, which is applicable to elastic analysis but not applicable to inelastic analysis for having no regard for inelastic coupling of structure responses caused by earthquake excitations of different components. For solving the problem, an improved multidimensional MPA (IMMPA) idea is presented in the paper: superposed bidirectional earthquake acceleration acting on modal ESDOF system can be regarded as an unidirectional "combined earthquake excitation"; in the procedure, to solve structural responses, seismic demand spectra may be established based on SDOF system subjected to the "combined earthquake excitation. "
The main objective of this paper is to propose an MPA procedure for evaluating the seismic capacities of asymmetric-plan structures subjected to bidirectional earthquake excitations. An outline of this paper can be expressed as follows. First, the improved procedure is presented based on the assumption of modal equivalent SDOF system which is subjected to the superposition of bidirectional earthquake excitations. Then, the corresponding strength reduction factor spectra are discussed and compared with traditional spectra. Next, the step-by-step procedure is proposed. At the end, two examples are considered to verify the accuracy of the proposed procedure.
Motion Equations of Equivalent Systems
Consider an -storey building. Its plane is asymmetric about the -or/and -axes. Each floor diaphragm is rigid in its own plane and has three degrees of freedom defined at the center of mass (CM). The equation of motion governing the response of the -storey asymmetric structure subjected to bidirectional earthquake excitations (along the -andaxes) is as follows:
where M is diagonal mass matrix of order 3 which includes three submatrices m, m, and I ; m is associated with andlateral degrees of freedom, and I is associated with torsion degrees of freedom. C is the damping matrix and F(u) is the vector of resisting forces. The displacement vector u( ) is equal to [u u u ] ; u , u , and u are the , , and torsiondirectional displacement subvectors, respectively. The influence vectors, and , are as follows:
In MPA procedure, a major assumption is that the responses of structures can be expressed as superposition of the responses of appropriate SDOF systems just like that in the linear range. The displacement vector of the inelastic system can be expanded in terms of the natural vibration modes of the corresponding linear system:
in which the th modal vector of size 3 × 1 includes three ×1 subvectors , , and . Substituting u( ) = Φq into (1) and premultiplying both sides of (1) by , the following equations are given:
where the th modal resisting force quantity, ( ), equals K ep ( ) ( ); K ep ( ) is elastic-plastic instantaneous stiffness matrices; M is interpreted as the th modal equivalent mass, ; Modal participation factors, Γ and Γ , along the -and -axes, respectively, are expressed as
Dividing both sides of (4) by modal equivalent mass, , and using the orthogonality property of modes, 3 uncoupled equations can be derived as
which are the motion equations of equivalent systems from 1th to 3 th mode of the considered structure. In (6) , is natural vibration frequency of the th modal equivalent system of the structure and is damping ratio. The relationship between the resisting force parameter, / , and the modal coordinate, , of the equivalent systems can be estimated from an idealized base shear and roof displacement pushover curve of the th mode. The equivalent displacement responses, 1 ( ) ⋅ ⋅ ⋅ ( ) ⋅ ⋅ ⋅ 3 ( ), can be calculated by (6) , and then the displacement vector, u( ), can be solved by (3) . Transposing Mü ( ) from the left side of (1) to the right side, the following is given:
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in which p ine, is the th modal inertia force vector of the structure.
Traditional Multidimensional MPA
In the traditional multidimensional MPA procedure, the peak modal responses and to -and -components of earthquake motion are determined by nonlinear static analysis, respectively. Associated with components of earthquake motion, the total inertia force vector can be expanded as a summation:
In the procedure, the contribution of responses for one component ( or ) of ground motion is assumed to be uncoupled, and the uncoupled equation of motion is expressed as
The peak responses of -and -directions are determined, respectively, by combining the peak modal responses using the CQC rule as follows:
The responses and are combined to determine the total response by the SRSS rule:
In the procedure, the responses of different horizontal components of earthquake excitation are uncoupled. The superposition rule is utilized here to solve the problem which is accurate in linear response stage of the structures under bidirectional ground motions but it is not applicable in nonlinear stage.
Improved Multidimensional MPA (IMMPA)

Equivalent SDOF System under Superposition Excitation.
If abs |Γ , | ⩾ abs |Γ , |, extract Γ , from the right side of equation and define Γ , = Γ. The motion equation of equivalent systems is then transformed as
In addition, if abs |Γ , | ⩾ abs |Γ , |, a similar equation can be established, and it is omitted here because of theoretical consistency. In (13), the parameter equals Γ , /Γ , which is in the range from −1 to 1. The superposition of bicomponent ground acceleration time history,̈( ) +̈( ), in the right side of (13) can be interpreted as a single-component acceleration time history,̈( ), and the corresponding motion equations are reduced tö
Defining ( ) = ( )/Γ , (14) is transformed as
where ( ) is governed by the equation of motion for the th modal equivalent SDOF system subjected to earthquake excitation,̈( ). The resisting force term, ( ), equals ( )/ Γ . Equation (15) shows that, due to the aforementioned assumptions, the nonlinear response of a structure system with 3 degrees of freedom subjected to bidirectional earthquake excitations can be expressed as the sum of the responses of 3 equivalent SDOF systems under singledirectional excitation,̈( )+̈( ), each one corresponding to a vibration "mode. "
According to the derivation above, the expression of inertia force vector, P ine , can be expanded as
where the modal inertia force vector, p ine, , can be reduced as
in which s is distribution factor vector of inertia force, and s equals
The factor vector, s , can be interpreted as the distribution factor of modal pushover analysis.
Inelastic Response Demands for Equivalent Systems under
Superposition Excitation. Generally, the response demands of inelastic systems can be obtained by inelastic response spectra, such as strength reduction factor spectra (i.e., --relation [32] ).
The yield resisting force expression , = , is defined in which is linear stiffness and , is yield displacement, and the relationship for ( ) = ( )/ is defined, and (15) can be then normalized as
where ( , ) is amplification coefficient spectrum corresponding to fixed damping ratio, , natural vibration frequency, , and excitation; is strength reduction factor; equals , ( )/ , ( ) in which , ( ) is elastic resisting force of corresponding elastic equivalent system. By solving (19) , the maximal value of ( ) is ductility factor, , that is defined as the ratio between maximal displacement, ,max , and yield displacement, . Based on (19) , the relationship for --( = 2 / ) can be established through iterative calculation.
On the other hand, for a SDOF system, according to the definitions of strength reduction factor, , and ductility factor, , the relationship is given as
where is elastic maximum acceleration response (or elastic acceleration spectra); ,max is inelastic maximum displacement response (or inelastic displacement spectra). Substituting and " --" model into (19) , then the inelastic maximum displacement, ,max , of the SDOF system can be solved.
During the past years, some researchers have presented convenient spectra models [32] [33] [34] . To combine with current spectra, it is recommended in this paper to establish spectra by analyzing the relationship between spectra and spectra. The approach is as follows: establish / ratio spectra based on different soil sites, analyze the influences of soil site classification, ductility factor, and participation coefficient ratio of vibration mode of two spindle axes, and establish simplified relationship of / . On this basis, establish spectra with spectra and simplified relation of / . The spectra for three kinds of soil sites are shown in Figure 1 .
The / spectra ( = 2 and 4, three kinds of soil sites) are shown in Figure 2 , in which is ductility factor and is participation coefficient ratio of vibration mode of two spindle axes. The following can be drawn from / spectra analysis. Through the above analysis, the regularity of / along with period change is not very significant, so it is suggested to take the same / spectra value within the entire period. In addition, for the reason of disadvantage in / < 1, "mean value − 1.65 × standard deviation" of / within 0.05∼5.0 seconds is defined as modification coefficient, , of traditional . The distribution curves of modification coefficient, , along with ductility factor changes are shown in Figure 3 . The following can be drawn from Figure 3. (1) For all kinds of soil sites, the minimum value of is 0.910 and the maximum value is 0.985, which shows that the influence of the analysis variables on spectra is little. (2) For > 0, decreases while increases; for < 0, decreases while decreases (it is not so significant for < 0 at hard soil site and for < 0 at intermediate soil site). (3) For hard soil site, is maximized while = 1.5; decreases and does not change significantly along with increase of ductility factor while ⩾ 2; for intermediate soil site, increases along with increase of the ductility factor while ⩾ 2; for soft soil site, decreases along with increase of ductility factor.
4.3.
Step-by-Step Procedure. A step-by-step summary of the IMMPA procedure is presented as follows. The Scientific World Journal calculated and the corresponding mode shapes are normalized.
(2) For the th mode, determine the base shear-roof displacement, -, pushover curve by multidimensional nonlinear static analysis applying the force distribution (17) . and are chosen to correspond to the direction of the -and -components, respectively. The pushover curve is in the direction of the dominant excitation in the mode being considered. (3) Idealize the -pushover curve as a bilinearcurve by utilizing the well-known procedure [35] . (4) Determine -earthquake demand spectra curve based on the nonlinear dynamic analysis of modal equivalent SDOF system subjected to the superposition excitation. (5) Determine the roof object displacement of th mode and then calculate the other th modal responses (such as drifts, plastic rotations, etc.) by conducting pushover analysis up to the already calculated object displacement. (6) Repeat steps 1-5 for as many modes as required for sufficient accuracy. (7) Determine the total extreme responses, , (including -and -components) for the excitation of the combined earthquake motion by combining gravity response and the peak modal responses by utilizing the CQC rule.
Numerical Example for IMMPA Procedure
Description of the Example Buildings.
In order to clarify how the proposed methodology should be applied, two simple analytical examples are presented. The structures considered are a 10-storey and a 15-storey eccentric reinforced concrete frame buildings, as illustrated in Figure 4 . It is considered that the ground motion is acting simultaneously along the two horizontal axes. Each floor has three degrees of freedom (DOF) defined at the center of mass (CM). Each floor diaphragm is rigid in its own plane and the center of stiffness (CS) deviates from the CM. The dimensions of the two buildings in height are 3.6 m for all stories, and the dimensions in plane are shown as Figure 4 . For the 10-storey building, the sectional sizes of beams are 300 × 700 mm 2 for 2th∼11th floor; the sectional sizes of columns are 700 × 700 mm 2 for 1th∼3th storey, 600 × 600 mm 2 for 4th∼7th storey, and 500 × 500 mm 2 for 8th∼10th storey. For the 15-storey building, the sectional sizes of beams are 300 × 700 mm 2 for 2th∼5th floor, 300 × 650 mm 2 for 6th∼11th floor, and 300 × 600 mm 2 for 12th∼16th floor; the sectional
The Scientific World Journal the accuracy of the presented method. The acceleration peak values of the records are adjusted to 3.1 m/sec 2 and 4.0 m/sec 2 , respectively. The nonlinear response time history analyses (NL-RHA) are implemented for the two example building subjected to the selected earthquake record and the time history responses of roof displacements are illustrated in Figure 5 , in which 8 peak displacement points are defined as 8 objective control points for variance analysis.
Comparative Evaluation Method.
The method to compare estimation results of IMMPA with exact results of NL-RHA for verifying the procedure is as follows.
(1) The restoring force model of modal equivalent SDOF system is established by modal pushover analysis.
(2) The dynamic response of the th mode equivalent SDOF system is solved by NL-RHA, in which the restoring force model obtained in step 1 is used. The dynamic response is converted into the th modal responses , and total structural dynamic responses can be obtained by superposition of modal responses; that is, = ∑ .
(3) Corresponding to the eight objective control points given in Section 5.1, the modal roof objective displacements, , and structural roof objective displacements, , are solved, respectively, according to step 2. 
Comparison of Responses.
The comparisons of story drift ratios and floor displacements between NL-RHA method and IMMPA method are illustrated in Figure 6 . The values gotten with NL-RHA method are considered to be the exact one, which will be utilized to analyze the estimation accuracy of structural responses with IMMPA method. It can be drawn from Figure 6 that (1) in general IMMPA method can be used to estimate deformation distribution of structures under bidirectional earthquake excitations, rationally. (2) With peak value of earthquake acceleration and structural plastic deformation increase, the deviation of structural response estimated with MMPA may increase. The reason is that the concept of elastic modal decomposition is not applicable to inelastic response analysis in theory. In addition, it is not rational to estimate dynamic response of structures with static analysis method, which may also result in deviation. (3) By comparing 10-storey structure and 15-storey structure in the case, it is found that the response deviation of the 15-storey structure, estimated with IMMPA, is larger than that of the 10-storey structure, so it can be drawn that structural deviation estimated with IMMPA will increase as the number of total floors of structure increases. The reason is that, with the increase of the number of total floors, the vibration modes are gradually complex and the effect of the higher mode on structural response increases gradually.
Conclusion
A new IMMPA idea is presented in the paper based on traditional MPA method: superposed bidirectional earthquake excitation acting on modal ESDOF system can be regarded as an unidirectional "combined earthquake excitation"; in pushover procedure, the static force replacing "combined earthquake excitation" is assigned to three components of each floor of a structure based on model of vibration.
In accordance with this idea, in solution of structural displacement response, it is required to input "combined earthquake acceleration" to modal ESDOF system in order to establish spectra and convert it to seismic demand spectra. It is recommended in this paper to get modification coefficient of spectra by analyzing the relation of / . Define modification coefficient, , as "mean value − 1.65 × standard deviation" of / within 0.05∼5 seconds. Based on selected earthquake records, analyze the influence of soil site classification, ductility factor, and participation coefficient ratio of vibration mode on .
In order to check accuracy of the IMMPA procedure presented in this paper, two structures with mass eccentricity are designed, a bidirectional earthquake ground motion, Taft, is taken as earthquake excitation of the structural system, and deformation distribution of the structure is calculated, respectively, with NL-RHA and IMMPA, and the results are concluded as follows after comparative analysis.
(1) In general, IMMPA method can be used to accurately estimate the distribution feature of plastic deformation of the structure along its floors. (2) Along with increase of peak of earthquake acceleration, structural response deviation estimated with IMMPA method may also increase. (3) Along with increase of the number of total floors of structures, structural response deviation estimated with IMMPA method may also increase.
